Chronic inhalation of environmental particles is associated with pulmonary carcinogenesis. Although the mechanism has not yet been fully elucidated, influx of inflammatory cells, including neutrophils, is suggested to play a major role in this process. Typically, in the particle-exposed lung, influx of neutrophils is accompanied by an accumulation of nitrite. Previous studies indicated that nitrite may affect the toxicity of neutrophils, involving an interaction with neutrophil-derived myeloperoxidase (MPO). To evaluate the possible consequences of this interaction for inflammation-mediated genotoxicity, we investigated the effect of nitrite on neutrophil-induced DNA damage in pulmonary target cells. Therefore, activated neutrophils were co-cultured with alveolar type II epithelial cells (RLE), and DNA strand breakage was evaluated using single-cell gel electrophoresis (comet assay). In this system, addition of nitrite caused an increase in neutrophil-induced DNA strand breakage in RLE cells, which was associated with an inhibition of MPO activity. Similar results were obtained by co-culturing RLE cells with neutrophils in the presence of the specific MPO inhibitor 4-aminobenzoic acid hydrazide (4-ABAH). To further investigate the mechanism underlying these observations, in vitro experiments were performed using mixtures of nitrite, MPO and its substrate H 2 O 2 . DNA strand breakage by reagent H 2 O 2 was inhibited when it was allowed to react with MPO before addition to the RLE cells. However, when MPO and H 2 O 2 were pre-mixed in the presence of nitrite or 4-ABAH, the inhibitory effect of MPO on resultant DNA damage was reversed. Further studies using catalase indicated that DNA strand breakage by the pre-mixtures of MPO, H 2 O 2 and nitrite was H 2 O 2 -specific, suggesting that nitrite prevents consumption of H 2 O 2 by MPO. Collectively, our results show that nitrite enhances neutrophilinduced DNA strand breakage in pulmonary epithelial cells. This effect is probably due to an inhibition of MPO activity, which increases the availability of its DNA strand breaking substrate H 2 O 2 .
Introduction
Numerous clinical and experimental data have expanded the concept that chronic inflammation is associated with tumour development in a variety of tissues (1) . In the lung, inhaled particles such as crystalline silica and those present in cigarette smoke and diesel exhaust are a potent source of inflammation, and it is suggested that pulmonary carcinogenicity upon chronic particle exposure involves an influx and subsequent activation of inflammatory phagocytes (2, 3) . For instance, we and others have demonstrated that in vivo DNA damage and mutagenicity upon particle exposure is closely related to neutrophil recruitment to the lung (4) (5) (6) . One of the properties of phagocytes that provide a possible basis for the link between inflammation and carcinogenesis is their production of DNA damaging and mutagenic reactive oxygen species (7). For neutrophils, H 2 O 2 is a major oxidant that contributes to inflammation-related DNA damage and mutagenesis. It has been hypothesized that H 2 O 2 escapes consumption by neutrophilic myeloperoxidase (MPO) and subsequently diffuses towards the nucleus of neighbouring cells, where it reacts with DNA-bound transition metals to form the highly reactive hydroxyl radical (8) (9) (10) . Indeed, we and others have demonstrated that activated neutrophils cause a variety of (mutagenic) DNA modifications that are typical of those induced by H 2 O 2 -derived hydroxyl radicals. (5, 8, 9, (11) (12) (13) (14) (15) . It is estimated that under normal circumstances up to 40-70% of neutrophil-derived H 2 O 2 is consumed by MPO. MPO is a heme enzyme that is abundantly present within the cytoplasmatic granules of neutrophils. During activation of neutrophils it is released extracellularly, where it reacts with H 2 O 2 to form hypochlorous acid (16, 17) . Although HOCl is a potent cytotoxic compound, it seems to be less effective in causing cellular DNA strand breakage than H 2 O 2 (8, 18) . Actually, Schraufstatter et al. (8) showed that addition of MPO inhibits neutrophil-induced DNA strand breakage in target cells. This would suggest that modulation of MPO activity may have profound effects on neutrophil-induced DNA damage and mutagenicity at sites of inflammation.
Although the involvement of neutrophils and epithelial cells has been indicated, alveolar macrophages are considered as the major source of NO· in the particle-exposed lung (19) . In aerobic aqueous solutions, NO· readily decomposes to nitrite (NO 2 À ) (20) , which accumulates in the particle-exposed lung (21, 22) . Studies have shown that an interaction between MPO and nitrite could have a profound effect on the toxic capacity of neutrophils (23) . On the other hand, recent in vitro studies revealed that in particular circumstances nitrite might act as an inhibitor of MPO, for instance reducing its chlorination activity or its effect on modification of LDL (24, 25) . However, the consequences of an interaction between nitrite and MPO with respect to neutrophil-related pulmonary genotoxicity remain to be investigated. Therefore, in an attempt to further substantiate the involvement of inflammation-related genotoxic processes in particle-induced carcinogenesis, we investigated the relationship between MPO, nitrite and neutrophil-induced DNA strand breakage in co-cultured pulmonary epithelial type II cells (5) . We anticipated a crucial role for neutrophilderived H 2 O 2 , as its availability will largely depend on the presence and activity of MPO. Therefore, single-cell gel electrophoresis was applied to specifically evaluate DNA single-strand breakage in the epithelial cells, as this endpoint closely correlates with the broad spectrum of H 2 O 2 -induced DNA modifications (13) .
Materials and methods

Chemicals
Ham's F12 medium, Hanks' Balanced Salt Solution (HBSS), HEPES buffer, fetal calf serum (FCS) and trypsin were obtained from Gibco (Breda, The Netherlands). Low melting point agarose, 4-aminobenzoic acid hydrazide (4-ABAH), horseradish peroxidase, MPO, penicillin/streptomycin, phenol red, phorbol 12-myristate 13-acetate (PMA), sodium nitrite and Trypan Blue were purchased from Sigma (Zwijndrecht, The Netherlands). Lymphoprep was obtained from Axis-Shields (Oslo, Norway). Tetramethylbenzidine reagens (TMB) was obtained from Bio-Rad (USA). All other chemicals were obtained from Merck (Darmstadt, Germany).
Cell culture
Rat lung type II epithelial cells (RLE), kindly provided by Dr K.Driscoll (Procter & Gamble, USA), were cultured in Ham's F12 medium, supplemented with 1% 1 M HEPES buffer, 1% penicillin/streptomycin solution and 5% heatinactivated FCS. Cells were routinely grown in 75 cm 2 cell-culture flasks and passaged twice a week. Experiments were always performed between cell passages 40 and 50. For exposures, cells were seeded in 24-well plates, and grown until confluence. All experiments were performed in HBBS (w/o phenol red, with 140 mM NaCl).
Co-culture with neutrophils
Co-culture experiments were performed as described by Knaapen et al. (5) . Briefly, neutrophils were freshly isolated from blood of one healthy nonsmoking male volunteer using gradient centrifugation (26) . Lymphocytes were removed and the remaining erythrocytes were lysed using cold (4 C) lysis buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , 10 mM EDTA, pH 7.4). Neutrophils were washed with PBS and finally resuspended in HBSS at 6.5 Â 10 5 cells/ml. Cell viability was assessed using Trypan Blue dye exclusion. Neutrophils were kept on ice to prevent premature activation. Using this protocol, the neutrophil preparation was 495% pure, and the viability always exceeded 98%.
Neutrophils were co-cultured with confluent RLE cells grown in 24-well plates. The final volume of the incubations was always 400 ml with a total neutrophil number of 2.6 Â 10 5 , yielding a final neutrophil-RLE ratio of 1:1. Cells were co-incubated for 2 h in HBSS (37 C, 5% CO 2 ). Neutrophils were activated with PMA (100 ng/ml) to elicit the respiratory burst. Nitrite or 4-ABAH were added at the indicated concentrations. H 2 O 2 production and MPO activity in supernatants of activated neutrophils were measured as described below. Following incubation, the neutrophils were removed using three repetitive washings with PBS (4 C). The RLE cells were then harvested by trypsination for respective analysis of toxicity and DNA strand breakage. Microscopic differentiation of cytospin preparations from harvested RLE cells showed that washing procedures were efficient (53% remaining neutrophils). Incubations with reagent H 2 O 2 (25 mM) were used as a positive control. All studies were performed at pH 7.4.
Treatment of cells with oxidants
To investigate possible synergistic DNA damaging effects of H 2 O 2 and nitrite, experiments were performed in which RLE cells were exposed for 2 h to a mixture of reagent H 2 O 2 and nitrite. Furthermore, in order to investigate possible protective effects of MPO, resulting from consumption of genotoxic H 2 O 2 , experiments were performed in which H 2 O 2 was allowed to react with purified MPO before addition to the RLE cells. Specifically, the following experiments were performed ( Figure 1 ): H 2 O 2 (25 mM) was mixed with purified MPO (200 mU/ml) in HBSS (pH 7.4) and incubated for 15 min at 37 C. MPO-related removal of H 2 O 2 under these conditions was assayed as described below. The mixture was then transferred to confluent RLE cells grown in 24-well-plates and incubated for a further 30 min at 37 C, followed by evaluation of DNA strand breakage in the RLE cells. In parallel experiments, H 2 O 2 was allowed to react for 15 min with MPO in the presence of either nitrite (100 mM) or 4-ABAH (100 mM), and subsequently transferred to the RLE cells. To assess whether DNA damage in the RLE cells under these conditions was H 2 O 2 -dependent, pre-incubations as described above were followed by the addition of catalase for 5 min at a final concentration of 1000 U/ml. Heat-inactivated catalase (5 min at 95 C before addition to the incubations) was used to check for enzyme specificity. Again, the complete mixture was finally transferred to confluent RLE cells and incubated for another 30 min to evaluate DNA strand breakage (Figure 1 ).
Hydrogen peroxide measurement
In order to evaluate effects of nitrite on H 2 O 2 production by PMA-activated neutrophils, H 2 O 2 was measured according to the method described by Pick and Keisari (27) . Therefore, neutrophils were suspended in HBSS (6.5 Â 10 5 cells/ml) containing 8.5 U/ml horseradish peroxidase and 0.28 mM phenol red, and plated in 24-well plates (final volume was always 400 ml). Cells were activated by PMA (100 ng/ml) and incubated in the presence of nitrite (0-200 mM). After incubation (2 h), the reaction was stopped by addition of 5 ml NaOH (1 M). Absorption was measured at 610 nm using a spectrophotometer (Beckman Coulter, USA) and final concentrations were calculated from a standard curve of H 2 O 2 . Since neutrophilic MPO cannot compete with the concentration of horseradish peroxidase contained in the reaction medium, H 2 O 2 determined in this experiment is a measure of cumulative H 2 O 2 formation only, and is not influenced by possible consumption by MPO.
The consumption of reagent H 2 O 2 upon incubation with purified MPO (200 mU/ml, 15 min) was evaluated by measurement of H 2 O 2 , using the method described by Gallati and Pracht (28) . Therefore, 75 ml of the H 2 O 2 incubations was mixed with 75 ml TMB containing 8.5 U/ml horseradish peroxidase. After 10 min, the reaction was stopped by addition of 50 ml H 2 SO 4 (1 M). Absorption at 450 nm was measured using a microtiter plate reader (Bio-Rad, USA).
Measurement of myeloperoxidase activity MPO activity in the supernatants of the neutrophil-RLE coincubations was assayed according to the method as described by Klebanoff et al. (29) . Therefore, 100 ml of the supernatant was mixed with 400 ml MPO assay solution, which was made up from 26.9 ml H 2 O, 3 ml sodium phosphate buffer (0.1 M), 48 ml guaiacol, and 0.4 ml H 2 O 2 (0.1 M). The generation of tetra-guaiacol was measured spectrophotometrically (Beckman) at 470 nm. The MPO activity was then calculated from the formula: U/ml ¼ DOD/min Â 0.752 and was expressed as mU/ml. One unit of the enzyme is defined as the amount that consumes 1 mmol H 2 O 2 /min.
Single-cell gel electrophoresis DNA single strand breakage in RLE cells was determined by single cell gel electrophoresis/alkaline comet assay (30) , according to the guidelines proposed by an expert panel (31) . Microscope slides were coated with a layer of 1.5% agarose. RLE cells were harvested and suspended in HBSS. Cytotoxicity in RLE cells caused by exposures and/or cell processing was evaluated using Trypan Blue dye exclusion. Subsequently, 25 ml of the cell suspension (2 Â 10 6 cells/ml) was mixed with 75 ml 0.65% low melting point agarose. This mixture was added to the precoated slides and covered with a cover glass. Following solidification (45 min, 4 C), cover glasses were removed and slides Hydrogen peroxide (25 mM) was incubated in a test tube in the presence or absence of MPO (200 mU/ml). Moreover, MPO activity was modified by addition of either nitrite (100 mM) or 4-ABAH (100 mM). After 15 min, the various mixtures were either directly transferred to confluent RLE cells (Figure 6a ), or incubated with catalase for another 5 min (Figure 6b ) before addition to the RLE cells. The RLE cells were then incubated for 30 min with the different pre-mixtures and processed for determination of DNA strand breakage, using the comet assay.
Nitrite enhances neutrophil-induced DNA strand breakage were immersed in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-base, 1% sodium lauryl sarcosinate, pH 10; 10% DMSO and 1% Triton X-100) and stored at 4 C. After 18 h, slides were placed in an electrophoresis tank filled with buffer (300 mM NaOH, 1 mM EDTA, pH 13, 4 C) for 30 min. Electrophoresis was conducted at 300 mA and 25 V for 15 min. Subsequently, slides were neutralized by repeated washing (3 Â 10 min) with neutralization buffer (0.4 M Tris, pH 7.5). Finally, slides were immersed in ethanol and allowed to dry under air. All steps described were performed in the dark/dimmed light to prevent additional DNA damage. Dried slides were stained with ethidium bromide (10 mg/ml) and comets were visualized using a Zeiss Axioskop fluorescence microscope. Samples were tested in two independent incubations within each single experiment. On every single slide 50 cells were analyzed randomly. Initial series of experiments (see Figures 2 and 4) were analyzed by using a 'comet score'. Therefore, comets (visualized at 1000Â magnification) were classified into one out of five categories according to tail length (I, II, III, IV, V, in which I ¼ undamaged cells, no visible tail, and V ¼ head of comet very small, most DNA in tail), according to Collins et al. (32) . For final analysis a 'comet-score' of each individual slide was calculated: comet score ¼ sum(class II cells þ 2x class III cells þ 3x class IV cells þ 4x class V cells) (32) . All following experiments ( Figures 5, 6a and b) were analyzed using a specific software program (Comet assay II, Perceptive Instruments, Haverhill, UK). Comets were visualized using 200Â magnification and DNA strand breakage was expressed as tail moment, which is defined as the product of DNA content in the tail and the mean distance of migration in the tail. Data were expressed as mean (AE SD) from three independent experiments, unless stated otherwise.
Statistical analysis
All data are expressed as mean AE SD. Statistical analysis was performed using SPPS (version 11.5) for Windows. Differences between experimental groups were analyzed using one-way ANOVA. Multiple comparisons were evaluated using Tukey's method, unless stated otherwise. Correlations between dose (4-ABAH) and effect (MPO activity, DNA strand breakage) were evaluated using Pearson. In all cases, differences were considered statistically significant at P 5 0.05.
Results
Effect of nitrite on neutrophil-induced DNA strand breakage in RLE cells PMA-activated neutrophils caused a significant increase in DNA strand breakage in co-cultured RLE cells. Addition of nitrite to these co-cultures led to a dose-dependent enhancement of this effect (Figure 2a ). In the absence of PMA, no increased DNA damage was seen in the co-cultured RLE cells. Also, no increased DNA damage was found in the RLE cells upon incubation with a mix of nitrite (100 mM) and PMA (100 ng/ml) only (i.e. no neutrophils added). The distribution of the damaged cells over the various comet classes is shown in Figure 2b . As can be seen in the figure, effects of neutrophils and nitrite on DNA damage in RLE cells are largely reflected by an increase in class IV cells. The effects as shown in Figure 2a were found in the absence of cytotoxicity in the RLE cells (viability was always 496%), as evaluated by Trypan Blue dye exclusion in the same incubations. This aspect was further illustrated by the absence (55%) of socalled 'ghost' (Class V) cells in our comet assay experiments (Figure 2b) . Such ghost cells contain highly damaged DNA and have been suggested to reflect necrotic or apoptotic cells. Also, the pH (7.4) of the incubation medium was not found to be changed upon addition of nitrite.
The supernatants of the RLE-neutrophil co-cultures were also analyzed for MPO activity. As shown in Figure 2b , MPO activity was detected only in the incubations containing neutrophils and its activity was significantly reduced upon addition of physiological levels of nitrite. Reduction of MPO activity was maximal at 100 mM nitrite. At higher nitrite concentrations (up to 500 mM), no further decrease in MPO activity could be observed (data not shown).
Interactions between nitrite and hydrogen peroxide The effect of nitrite on the production of H 2 O 2 by PMAactivated neutrophils is shown in Figure 3 . As can be seen in the figure, the amount of activated neutrophils, used for the coculture experiments, produce about 30 mM of H 2 O 2 within 2 h. Addition of nitrite (0-200 mM) to PMA-activated neutrophils did not appear to affect their H 2 O 2 release. In the absence of Figure 4 . Strand breakage was first assessed in RLE cells exposed to 25 mM of reagent H 2 O 2 , which equals the amount of H 2 O 2 that was found to accumulate in our co-culture settings. When the RLE cells were exposed to H 2 O 2 in the presence of nitrite, at a level (100 mM) which significantly enhanced neutrophilinduced DNA strand breakage (Figure 2a) , the DNA damage did not differ from the damage as induced by H 2 O 2 alone (Figure 4 ). Nitrite alone did not cause significant DNA strand breakage. All of the above effects were observed in the absence of acute cytotoxicity.
Effect of 4-ABAH on neutrophil-induced DNA strand breakage in co-cultured RLE cells
In order to further evaluate the role of MPO in neutrophilinduced DNA damage, co-culture experiments as described in Figure 2 were also performed using the specific MPO inhibitor 4-ABAH ( Figure 5 ). MPO activity in the co-culture supernatants was found to be inhibited in a dose-dependent manner by 4-ABAH. At the highest concentration of 4-ABAH, MPO activity was completely inhibited. MPO inhibition by 4-ABAH also resulted in a significant enhancement of neutrophilinduced DNA strand breakage in the RLE cells. In fact, a clear inverse correlation was observed between MPO-activity and DNA strand breakage. In the absence of neutrophils, the combination of 4-ABAH and PMA did not cause DNA strand breakage in the RLE cells.
DNA strand breakage by mixtures of H 2 O 2 , MPO and nitrite
The effect of nitrite and 4-ABAH on MPO activity and related neutrophil-induced DNA damage was further studied using a neutrophil-independent model in which reagent H 2 O 2 was allowed to react for 15 min with purified MPO (Figure 1 ). Under these conditions, the original concentration of H 2 O 2 (25 mM) was reduced to 0.6 AE 0.4 mM, because of consumption by MPO. After pre-incubation, the mixture was immediately transferred to the RLE cells and incubated for 30 min to evaluate DNA damage. Results of these experiments are shown in Figure 6a . Hydrogen peroxide caused a significant induction of DNA strand breakage in the RLE cells, whereas DNA damage was abrogated when H 2 O 2 was pre-incubated with the purified MPO. However, upon further addition of either nitrite or 4-ABAH to this mixture, the MPO-related 5 cells/ml) were suspended in HBSS containing nitrite, horseradish peroxidase and phenol red and activated with PMA (100 ng/ml). Following 2 h of incubation, the reaction was stopped with NaOH. Absorption was spectrophotometrically measured at 610 nm and H 2 O 2 concentration was calculated from a standard curve. Nitrite enhances neutrophil-induced DNA strand breakage inhibition of H 2 O 2 -induced DNA damage was significantly reversed. In comparison with nitrite, this effect seemed to be more pronounced upon addition of 4-ABAH. MPO, 4-ABAH as well as nitrite alone failed to cause DNA strand breakage.
To verify whether the DNA damaging effects, as shown in Figure 6a , were caused by (unconsumed) H 2 O 2 , the preincubations were followed by addition of the H 2 O 2 scavenger catalase (Figure 1 ). The whole mixture was then transferred to RLE cells for DNA damage assessment. Incubation of H 2 O 2 with catalase led to a significant reduction of H 2 O 2 -induced DNA damage, whereas heat-inactivated catalase was ineffective ( Figure 6b) . Similarly, the DNA damaging effect of the premixture of H 2 O 2 , MPO and nitrite was reduced if catalase was added prior to incubation with the cells. Again heat inactivated catalase was ineffective.
Discussion
It is generally accepted that the capacity of neutrophils to generate a wealth of DNA damaging oxidants provides a biological basis for the link between chronic inflammation and tumour development in the particle-exposed lung (2,3,7 ).
However, although particle-induced neutrophil influx in the lung is often accompanied by an accumulation of the nitric oxide congener nitrite (19, 21, 22) , the possible effects of nitrite on neutrophil-induced DNA damage in lung target cells largely remain to be elucidated.
In the present study, we applied a previously established co-culture system comprised of activated neutrophils and pulmonary type II cells. We specifically applied type II cells, since this is the cell type from which (rat) lung tumours are most probably derived after chronic particle exposure (33) . Although our findings may very well have implications for other organs where neutrophil influx is accompanied by an accumulation of nitrite, we specifically focused on the lung epithelium because of several reasons: (i) neutrophils are recognized as crucial effector cells in the pathogenicity of pulmonary inflammation (34, 35) , (ii) we and others showed that DNA strand breakage and mutagenicity in pulmonary epithelium of (particle-treated) rats was closely related to neutrophil influx (6, 15, 36) , (iii) pulmonary inflammation is characterized by the release of the MPO substrate H 2 O 2 (37) and (iv) mainly by the presence of alveolar macrophages, the lung contains a potent source of nitrite (19, 21, 22) . We demonstrated that nitrite significantly enhances neutrophil-induced DNA strand breakage in co-cultured epithelial cells. This effect was seen at physiologically relevant concentrations of nitrite (5100 mM). For instance, in biological fluids (saliva, gastric fluid) nitrite concentrations up to 200 mM can be found, and in epithelial lining fluids nitrite may reach concentrations that exceed 40 mM (38). It should be emphasized that the increase in DNA damage by PMA-activated neutrophils, as observed in the presence of nitrite, was not caused by a possible effect of nitrite on NADPH-oxidase activity, since the production of H 2 O 2 by PMA-activated neutrophils remained unchanged after addition of nitrite. Moreover, others have shown that the inhibitory effect of nitrite on neutrophilic MPO activity was enhanced upon addition of superoxide dismutase (24) , which suggests that the effects of nitrite cannot simply be explained by an inhibition of MPO degranulation by neutrophils. In addition, a synergistic interaction of nitrite with neutrophil-derived H 2 O 2 , as well as a possible inhibitory effect of nitrite on target cellular catalase (39) can be excluded in our current study, since we showed that the DNA damaging effects of H 2 O 2 plus nitrite mixture were comparable with H 2 O 2 alone.
To further explore the concept that the neutrophilic DNA strand breaking capacity is increased upon inhibition of MPO activity, co-culture experiments were conducted in the presence of 4-ABAH. We applied 4-ABAH for three reasons: (i) 4-ABAH is known as one of the most potent inhibitors of MPO, (ii) 4-ABAH does not affect neutrophil-induced NADPH-oxidase and (iii) unlike many other MPO inhibitors such as sodium azide, 4-ABAH does not inhibit catalase or glutathione peroxidase (40) . As such, we believe that the increase in DNA damage as observed upon 4-ABAHmediated MPO inhibition can neither be explained by changes in H 2 O 2 production by neutrophils, nor can it be explained by an increased effect of H 2 O 2 due to inhibition of catalase or glutathione peroxidase in the RLE cells. Notably, in contrast to nitrite, 4-ABAH is a suicide substrate that promotes irreversible inactivation of the enzyme (41) . This possibly explains why 4-ABAH, unlike nitrite, is able to fully inactivate neutrophil-derived MPO, and subsequently has a more pronounced effect on neutrophil-induced DNA strand breakage. Hydrogen peroxide is a relatively stable compound, which is able to cross cellular membranes. As such in a co-culture model, which allows a close contact between neutrophils and target cells, there will be a constant balance between the consumption of H 2 O 2 by MPO, versus the capture of diffusible H 2 O 2 by the neighbouring target cells (42) . Considering that MPO consumes up to 40-70% of neutrophil-derived H 2 O 2 to generate HOCl (16, 17) , a minor inhibition of its activity would most probably lead to a significant increase in the availability of freely diffusible H 2 O 2 that may eventually elicit DNA damage in neighbouring cells. This concept is at least partly confirmed by our co-culture experiments using nitrite and 4-ABAH. Moreover, the data showing an increase in neutrophil-induced DNA damage upon MPO inhibition also provide further support for observations from others who suggested that MPO-derived HOCl is not involved in DNA strand breakage in cells that are exposed to activated neutrophils (8) .
To further evaluate inhibition of MPO by nitrite and to investigate whether related enhancement of DNA damage in epithelial cells is caused by a consequential increased availability of H 2 O 2 , one could consider applying catalase directly into the co-culture experiments. However by doing this, neutrophil-derived H 2 O 2 would be scavenged by catalase before it could even react with MPO. An alternative approach would be to measure accumulation of H 2 O 2 itself. However, we failed to detect any H 2 O 2 after the co-incubations (data not shown), most probably because diffusible H 2 O 2 will be captured rapidly and consumed intracellularly (42) . Considering all of the above aspects, we thus decided to perform neutrophil-independent experiments in which H 2 O 2 was incubated with purified MPO before addition to the RLE cells, and found that MPO caused inhibition of DNA strand breakage because of its complete consumption of H 2 O 2 . The inhibiting effect of MPO was reversed by addition of 4-ABAH or (although to a lesser extent) nitrite. This discrepancy is probably explained by the fact that, in contrast to 4-ABAH, nitrite does not fully inhibit the consumption of H 2 O 2 by purified MPO. For instance, others demonstrated that in comparable settings nitrite was able to reduce consumption of H 2 O 2 by MPO up to a maximum of 80% (24) . Importantly, our experiments using catalase (Figure 6b ) further confirmed that DNA strand breakage by pre-incubations of H 2 O 2 , MPO and nitrite was caused by H 2 O 2 that has escaped consumption by MPO. This also indicates that nitrite-induced enhancement of DNA strand breakage by neutrophils, as observed in the co-cultures, is probably caused by inhibition of MPO, and a consequential increased availability of H 2 O 2 that may diffuse into the epithelial cells.
Hydrogen peroxide will generally cause a variety of DNA damages. In the present study we specifically focused on DNA strand breakage using the comet assay, because we previously showed that this method sensitively detects DNA damage upon exposure to low concentrations (525 mM) of H 2 O 2 (43) . Additionally, others showed that DNA strand breakage by H 2 O 2 was well correlated with the sum of a variety of DNA base modifications in H 2 O 2 -exposed pulmonary epithelial cells (13) , indicating that DNA strand breakage is an integrative measure of the broad spectrum of H 2 O 2 -induced DNA modifications. However the results, therefore, do not necessarily reflect the effects of nitrite on alternative (H 2 O 2 -independent) forms of neutrophil-mediated DNA damage. For instance, it should be emphasized that MPO has been implicated in the induction of a variety of DNA base lesions, including chlorinated bases (44, 45) . Furthermore, apart from H 2 O 2 , a contribution of other oxidants to comet-detected DNA strand breakage can not be entirely ruled out. For example, one could speculate on a contribution of reactive nitrogen species like NO 2 · and nitryl chloride (NO 2 Cl), that are generated during an interaction between MPO and nitrite (23) . Nevertheless, although the latter compound has been shown to cause oxidative base damage in naked DNA (46) , further studies indicated that it is unlikely to contribute to DNA strand breakage in living cells (18) . Actually, it was shown that nitrite might even act as an inhibitor of HOCl-induced strand breakage in naked DNA, possibly via formation of the less reactive NO 2 Cl (47). Also for NO 2 ·, which is a potent nitrating compound, and which is implicated in the formation of 8-nitroguanine in naked DNA (48) , the relevance for DNA damage in living cells is questioned (49) .
In conclusion, we showed that nitrite synergistically enhances neutrophil-induced DNA strand breakage in pulmonary epithelial cells. Our data suggest that this effect is related to a nitrite-induced inhibition of MPO activity. Further investigations, including application of the MPO inhibitor 4-ABAH, revealed a general concept showing that inhibition of MPO as such can increase the DNA damaging capacity of neutrophils. This effect is probably caused by an increased availability of H 2 O 2 that can freely diffuse into the target cells. Our data indicate that this process may be of specific importance in the pathogenic effects of particle inhalation, as this is characterized by the simultaneous presence of activated neutrophils and nitrite in the lung. Further work is needed to assess the implication of our current observations for in vivo particleinduced mutagenicity and carcinogenicity in relation to neutrophilic pulmonary inflammation.
